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High-lying Rydberg states of Mott-Wannier excitons are receiving considerable interest due to the possibility
of adding long-range interactions to the physics of excitons. Here, we study Rydberg excitation in bulk synthetic
cuprous oxide grown by the optical float zone technique and compare the result with natural samples. X-ray
characterization confirms both materials are mostly single crystal, and midinfrared transmission spectroscopy
revealed little difference between synthetic and natural material. The synthetic samples show principal quantum
numbers up to n = 10, exhibit additional absorption lines, plus enhanced spatial broadening and spatial inho-
mogeneity. Room temperature and cryogenic photoluminescence measurements reveal a significant quantity
of copper vacancies in the synthetic material. These measurements provide a route towards achieving high-n
excitons in synthetic crystals, opening a route to scalable quantum devices.
DOI: 10.1103/PhysRevMaterials.5.084602
I. INTRODUCTION
The study of highly excited Rydberg exciton states facil-
itates an exciting crossover between two previously siloed
disciplines: cold-atom physics and semiconductor quantum
optics. The coherent spectroscopy of Rydberg states in gas-
phase atomic systems has garnered great recent interest, with
applications in the measurement of electromagnetic fields
from DC to terahertz frequencies [1,2], quantum simula-
tion [3] and computation [4], and quantum optics [5]. There is
clear interest in observing similar states in semiconductor sys-
tems, where half a century of development in state-of-the-art
nanofabrication techniques provide capabilities that go way
beyond those available in the gas phase. Cuprous oxide raises
the tantalizing prospect of a material where Rydberg atom
analogues can be created on-demand in an environment that
more naturally lends itself to engineering multiple quantum
interactions, and furthermore offers a plausible pathway to
scale up. Experiments in high-quality natural crystals have
revealed the potential of cuprous oxide but realizing synthetic
material with comparable quantum optical properties is a pre-
requisite for the material to achieve technological traction. In
this paper we discuss our progress towards achieving synthetic
cuprous oxide single crystals that exhibit high-n excitons.
Single-crystal cuprous oxide (Cu2O) was one of the first
semiconducting crystals used in electronics [6,7], and re-
ceived considerable attention until silicon eventually prevailed
*LynchSA@cardiff.ac.uk
as the semiconductor of choice for microelectronic applica-
tions. However, it is the unique optical properties that cause
it to stand out from other semiconductor crystals. The Cu2O
band gap of 2.17 eV is about twice that of silicon, making
it suited to complement silicon as a solar cell material [8].
The spectroscopic property of paramount interest to us is
its extraordinary excitonic spectrum [9]. Excitons are bound
electron and hole quasiparticles that exhibit a series of sharp
spectral lines (not unlike the Rydberg series of hydrogen) near
the semiconductor band edge. Because the exciton binding en-
ergy is typically in the meV range, the exciton lines are mostly
observed at cryogenic temperatures. While it is common to
observe excitons up to principal quantum numbers of n = 3 in
conventional compound semiconductors such as GaAs [10],
it has long been known that excitons with higher n can be
observed in Cu2O crystals [11]. The Cu2O-exciton system has
been used over the last three decades to test for evidence of
Bose-Einstein condensation in the solid state [12], due to its
forbidden exciton ground state transition.
However, it is the 2014 paper by Kazimierczuk et al.
reporting excitons with n = 25 that has generated renewed in-
terest in this material system [13]. Excitons may be described
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εraH = n2aX. (2)
Here μ is the two-body reduced mass, RH and RX are the
hydrogen and exciton Rydberg constants, respectively, aH and
aX are the hydrogen and exciton Bohr radii, respectively, and
the other symbols have their usual meanings. For the results
in [13], the relevant excitonic states give rise to the “yellow”
series of transitions between the states of the uppermost va-
lence and lowest conduction bands. Since the band states have
the same parity, the excitonic energy levels have P (i.e., orbital
angular momentum l = 1) symmetry. A narrow quadrupole
transition to the dipole-forbidden 1S state is also observed,
and phonon-assisted 1S transitions contribute a substantial
background to the spectrum of nP states. The electron and
hole effective masses are usually taken to be [16,17] me =
0.99m0 and mh = 0.58m0, which gives μ = 0.37m0. There is
some discussion over the correct value of εr to use. The high-
frequency relative permittivity value is often quoted as [16]
εr (∞) = 6.46, which gives RX = 120.6 meV. However, since
the ground state 1S exciton is known to have an anomalously
large binding energy [18], this value is not used. Instead,
researchers use the modified Bohr formula [Eq. (1)] to fit the
energies of the higher lying P excitons, yielding a smaller
exciton Rydberg energy of 98.3 meV, which corresponds to
εr = 7.2. In reality the situation is more complicated. When
the nonparabolicity of the bands, phonon coupling, and the
spin interaction are properly taken into account [18], the ad-
justed Bohr radius of the exciton is calculated to be aX =
1.11 nm. Kazimierczuk et al. use this value together with
an average radius 〈rn〉 derived from the spherical harmonics
of the n = 25 P-state wave functions to predict 〈r25〉 = 1.04
μm. In atomic systems, the large spatial extent of excitonic
wave functions means that interactions between them are
dominated by long-range van der Waals forces [19]. Unlike
the short-range exchange-type interaction more commonly
studied for ground state excitons, such long-range interactions
can enable strong nonlocal [20] optical nonlinearities [21,22]
without overlap between the excitonic wave functions. While
widely studied in atomic systems [5], the first hints of such
long-range interactions in crystals were observed in Kazimier-
czuk et al. [13], with subsequent confirmation via pump-probe
experiments [23].
So far, however, these results [13] have not been repro-
duced by other groups, due to difficulties in obtaining samples
of high quality. Most groups currently report on natural gem-
stones of various quality [Fig. 1(a)]. The highest quality
synthetic samples, while reproducible, are inferior to their
natural counterparts. The highest principal quantum number
measured to date in a synthetic stone is n = 10 [24]. Wider
availability of the high-quality samples required for the obser-
vation of high-n excitons is an essential step towards various
quantum-optical devices based on Rydberg excitons [25–28].
Several methods for producing Cu2O have been reported
in the literature. Thin films have been prepared by several de-
position methods, including reactive sputtering [29], thermal
oxidation [30], electrodeposition [31,32], melting [33], and
metal-organic chemical vapor deposition [34]. However, the
experimental conditions necessary to observe high-n excitons
FIG. 1. (a) A commercially available natural cuprite gemstone.
(b) Two synthetic single crystals of Cu2O grown in this work with
the same natural gemstone for scale. (c) Back-lit slice of optically
polished synthetic crystal. (d) Higher magnification optical image of
the same slice highlighting the inclusions (dark specs).
impose severe constraints on the thermal expansion properties
of any supporting substrate to prevent strain accumulation in
the thin film on cooling to cryogenic temperatures. This is
because the large spatial extent of the high-n exciton wave
function should make it particularly sensitive to any distor-
tions to the crystal lattice resulting from macroscopic strain
fields [35,36]. Consequently, we have chosen to pursue a path
towards macroscopic single-crystal growth using float-zone
(FZ) refining, to avoid the thermal strain that would occur
on cryogenic cooling if the Cu2O was bonded to a different
substrate. This method has been successfully employed in the
past to produce large single crystals [24,37,38]. Our method




The starting material was a 5-mm-diameter copper rod,
Puratronic® 99.999% (metals basis) from Alfa Aeser. The
Cu2O feed and seed rods were prepared by thermal oxida-
tion of the copper metal rods at 1100 ◦C for approximately
40 h in air at atmospheric pressure. The oxidized rods were
then used to grow the single-crystal material in a Crystal
Systems Corporation optical furnace (model FZ-T-10000-
H-VII-VPM-MII-PC). Localized heating was achieved by
bringing the light from four halogen lamps to a joint focus
on the sample using four semiellipsoidal mirrors. The growth
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region is isolated from the furnace by a quartz tube allowing
the use of different growth atmospheres and pressures; in
this work we used air at atmospheric pressure. Single-crystal
growth is achieved by melting a feed rod and fusing it to
a seed rod, establishing a freely floating molten zone. This
floating zone was then scanned up the feed rod at a controlled
slow speed of 4.0–7.0 mm/h, with the feed and seed rods
rotating at 20 rpm in opposite directions. This method has the
advantage that it does not require a crucible, which is critical
in this application because molten Cu2O is known to react
with standard crucible materials [37]. Figure 1(b) shows two
5-mm Cu2O single crystals after FZ growth together with the
same gemstone shown in (a), with a perspex laboratory ruler
on the right for scale.
B. Sample preparation
For characterization, the crystals were cut into 2–3-mm-
thick disks perpendicular to the cylindrical axis using a
diamond saw. The samples were encapsulated in acrylic resin
and lapped back to reveal the front surface of the Cu2O.
The uncovered Cu2O surface was then polished optically flat
on a Struers LaboPol-5 lapping machine, employing a four-
step process using Struers consumables. Step 1 was a rough
grind of the surface using a MD-Largo disk together with
DiaPro Allegro/Largo 9 μm diamond suspension/lubricant
for 2 min. Step 2 was a rough polish on a Struers DP-DAC
satin woven acetate cloth disk together with DiaPro DAC 3
μm diamond suspension/lubricant for a further 5 min. Step
3 was a fine polishing step on a DP-NAP cloth together
with a 1-μm DiaPro NAP suspension/lubricant for a further
15–30 min. Step 4 covered the final polishing, where we
used a new DP-NAP cloth together with 0.25 μm DiaPro
NAP suspension/lubricant. During the final polishing step, the
sample was periodically inspected under a stereomicroscope,
and this step was repeated until visible surface scratches/digs
were removed. The other side of the sample was then lapped
and polished according to the same procedure. The final thick-
ness of the polished samples was between 50 and 100 μm for
optical measurements. Thicker samples (2–3 mm), prepared
in a similar way, were used for midinfrared measurements. A
typical low-magnification cross-sectional image is shown in
Fig. 1(c), showing homogeneous optically transparent mate-
rial with the deep red signature color of Cu2O near the outside
of the disk and an increasing concentration of small dark
inclusions localized towards the center. Figure 1(d) shows the
same cross-sectional slice captured at greater magnification,
highlighting the inclusions towards the center of the disk.
These inclusions closely resemble those observed in previous
works [37,39] where they were found to be voids with cupric
oxide (CuO) walls.
C. X-ray analysis
X-ray analysis was performed using a Laue camera. The x-
ray source was a tungsten x-ray tube. The backscattered Laue
spot pattern when the (1 0 0) crystal plane is aligned perpen-
dicular to the x-ray beam is shown in Figs. 2(b) and 2(c) for
both synthetic and commercially available natural material,
respectively. These Laue patterns confirm the single-crystal
FIG. 2. (a) Interleaved bcc/fcc lattice of Cu2O. The oxygen (O)
atoms are located at the lattice points of the bcc cubic cell, while the
copper (Cu) atoms lie at the lattice points of the fcc cubic cell with the





Laue spot pattern of both the (b) synthetic and (c) natural material
for comparison. The crystals were both aligned so that the incoming
beam x-ray beam is orthogonal to the (100) crystal plane. These Laue
patterns highlight the cubic symmetry and single-crystal nature of
both samples of Cu2O material.
nature of both the synthetic Cu2O material, and the natural
gemstones. Cu2O has an interleaved cubic lattice. The Cu
atoms sit at the lattice points of a face-centered cubic (fcc)
cell, while the oxygen atoms are located at the lattice points
of a shifted body-centered cubic (bcc) lattice [40], as shown in
Fig. 2(a). The expected cubic symmetry of the crystal is clear
from the Laue patterns in the bottom of this figure.
D. Visible spectroscopy
The Rydberg exciton spectrum at 5 K for our synthetic ma-
terial is shown in Fig. 3, along with a corresponding spectrum
measured for the natural gemstone material for comparison.
The samples were illuminated by a Lumileds LXML-PX02
lime-green light emitting diode with emission wavelength
centered at 565 nm, limited to 570–580 nm using an Omega
optical 575BP10 bandpass filter, and the exciton spectra
were recorded in transmission geometry. The excitation in-
tensity was around 10 mW/cm2. Spectra were also recorded
at lower excitation intensities to check that there were no
power-dependent effects. The spectra were obtained using a
custom-made imaging spectrograph with a focal length of
1.9 m. The light was dispersed by a 1200 l/mm holographic
grating of (120 × 140) mm2 size, 900 nm blaze wavelength,
and detected by a CCD (Roper Pixis) of 1340 × 100 square
pixels of 20 μm size. The spectrometer has a resolution of 30
μeV (FWHM) at 573 nm (2.16 eV) in second order. Sample
cooling was provided by a low-vibration closed-cycle cryostat
(Montana Cryostation C2) equipped with an XY Z piezo stage
(Attocube) that provided a spatial resolution around 0.1 μm,
allowing focusing and lateral alignment.
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FIG. 3. Transmission spectrum for (a) synthetic (thickness 80
μm) and (c) natural (thickness 80 μm) samples of Cu2O, measured
at a nominal heat-sink temperature of 5 K. Insets (b) and (d) show
the high-n regions delineated by boxes.
A Rydberg series is clearly visible in both cases, extend-
ing to n = 9 (possibly n = 10) in the synthetic material, and
n = 14 in the natural gemstone sample. These spectra show
that our synthetic material is of high quality, matching the
highest principal quantum number previously observed for
synthetic crystals [24]. However, exciton peaks above n = 10
are clearly missing. In both the natural and synthetic stones,
from n = 4, we see small shoulders on the high-energy flank
of the P states. Due to their energy, and presence only for
n  4, we attribute these peaks to F states [41]. However,
the synthetic sample shows additional peaks between the P
and F peaks. By comparing the energy of these peaks to
spectra measured through two-photon spectroscopy [42] we
conclude these additional peaks are D states. The observation
of D states in one-photon measurements is forbidden due
to parity. However, if the crystal symmetry is broken, the
selection rules are broken, and forbidden angular momentum
states can be observed [43,44]. Recent theoretical work has
predicted that charged impurities in Cu2O can cause the ap-
pearance of dipole-forbidden states and the disappearance of
high-n states [45]. In this work the authors consider charged
impurity densities up to 1011 cm−3 which was shown to limit
the Rydberg series to n = 13. We hypothesize that our crystal
has a charged impurity density exceeding 1011 cm−3 causing
our spectrum to be limited to n = 10. In the remainder of
this paper we investigate possible causes for the modified
Rydberg spectrum. First we consider inhomogeneity due to
strain before going on to search for point defects and vacancy
impurities through photoluminescence (PL) and midinfrared
absorption (MIR) spectroscopy. We find that PL spectroscopy
reveals a large quantity of copper vacancies which supports
our hypothesis that charged impurities are perturbing the Ry-
dberg spectrum.
Strain leads to shifts and splittings of the exciton energy
levels [46]. If the strain is spatially inhomogeneous, then
averaging, for example through the thickness of the sample,
can cause broadening, with the eventual loss of visibility of
higher-n peaks. By fitting the peaks in Fig. 3(a) with an asym-
metric Lorentzian profile [47], we find that the energies of the
P states are within 30 μeV of previously reported values [13].
Figure 4 shows the exciton spectra recorded at different posi-
tions along an approximately radial cross section of the parent
rod, at increments of ∼100 μm. The overall structure of the
exciton spectrum is remarkably uniform, with the additional
peaks and the cutoff at high n showing almost no variation
across the sample. Close inspection of inset 4(c) reveals slight
shifts in the energy of the exciton peaks, which we analyze in
more detail in Fig. 5. Here we show the difference between
the local energy of the n = 6 peak E6(r) and its whole sample
mean value Ē6 as a function of position for both the synthetic
and natural samples. The dispersion observed for the synthetic
sample is significantly larger than for our best natural sample.
Here the spread in E6(r) was 18.3 μeV for the natural sample,
as compared to 103.9 μeV for the synthetic sample, measured
over a similar scan range. Imaging of the samples through
crossed polarizers qualitatively confirms there is some macro-
scopic strain in the synthetic material; the samples appeared
similar to those shown in [48]. This indicates that local varia-
tion in the strain does occur, but given the similarity between
the spectra in Fig. 4, this does not seem a plausible explanation
for the observation of dipole-forbidden exciton states and the
absence of higher-n states.
E. Photoluminescence spectroscopy
Next we turn our attention to point defects, which we
study using PL and MIR spectroscopy. Figure 6 shows the
PL spectrum measured at room temperature. Here the exci-
tation source was a He:Ne laser operating at 543 nm. The
excitation light was tightly focused onto the sample using a
microscope objective with a numerical aperture of 0.6, which
also served to collect the resulting luminescence. Residual
excitation light was removed using a dichroic mirror, before
the PL light was coupled into multimode optical fiber and
guided to a wideband grating spectrometer. The signals were
carefully corrected for sample tilt and the chromatic aberra-
tion of the objective, enabling a quantitative comparison of
the two samples across the full spectral range. The results
are striking. For the natural sample, the dominant feature
is due to quadrupole and phonon-assisted recombination of
the 1S orthoexciton. For the synthetic sample, this feature is
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FIG. 4. (a) Low-magnification optical image of the synthetic
Cu2O sample, sandwiched between two CaF2 coverslips and con-
fined by a spacer of slightly greater thickness than the sample. A
small drop of glue that has leaked from the spacer anchors the bottom
corner of a piece of the sample on the right-hand side. The left piece
of the sample is mechanically free. (b) Spectral information extracted
from different positions along the approximate radial cross section
of the parent rod indicated by the yellow dashed circles. Individual
spectra have been offset by multiples of 0.5 to aid comparison. The
inset (c) of this figure shows the same data on a magnified energy
scale.
FIG. 5. Variation in the energy of the n = 6 peak for synthetic
and natural samples, as a function of position across the sample. Here
the spatial resolution was approximately 4.2 μm for the synthetic
stone and 3.8 μm for the natural stone. On the right, histograms show
the distribution of energy shift.
drastically reduced, and instead the spectrum is dominated by
below-gap luminescence at 1.4 eV which has previously been
attributed to copper vacancies [39]. Note that at 300 K, oxygen
vacancies are expected to be ionized [49], and we do not see
their luminescence at 1.70 eV in either sample.
To investigate these effects with higher resolution, we also
performed PL measurement at low temperature using the
same high-resolution spectrometer as in Fig. 3. For these mea-
surements, the input slit aperture was 20 μm, corresponding
to 1.16 μm at the sample plane. The corresponding spectral
resolution is 70 μeV at 611 nm (2.01 eV) in first order. The
Cu2O was illuminated by above band gap continuous-wave
low-intensity radiation (≈50 μW) with wavelength λ = 532
nm. We performed a high-resolution study of the region near
FIG. 6. (a) Broadband photoluminescence (PL) spectrum
recorded at room temperature for synthetic and natural gemstone
samples. A broad emission peak associated with copper vacancies
(VCu) dominates the PL emission in the synthetic sample at room
temperature. Inset (b): the line shape associated with the phonon
emission band in both materials shows excellent agreement when
normalized to the peak PL intensity as would be expected.
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FIG. 7. High-resolution photoluminescence (PL) spectra recorded at low temperature (≈ 5 K) for synthetic (red) and natural gemstone
(blue) Cu2O normalized with respect to pump power. The subsidiary figure (a) shows the infrared PL intensity at three discrete emission
wavelengths (918 n, 800, and 730 nm) associated with Cu and O vacancies, and assigned according to [50]. The main figure (b) shows the
visible PL in the range 609–659 nm. The insets in this figure show (c) three phonon replicas for the synthetic material on an expanded energy
scale fitted (black line) to Eq. (3), and (d) the orthophonon line fitted (black line) with a pseudo-Voigt profile also on an expanded energy scale.
The lines have been assigned according to [51]. The photoluminescence was much brighter for the natural gemstone, which accounts for the
signal-to-noise improvement. Two small peaks not associated with phonons were observed in the natural gemstone PL spectrum at 1.914 eV
(647.8 nm) and 1.916 eV (647.1 nm), which we attribute to impurity luminescence.
the band edge [Fig. 7(b)], as well as localized measurements
at energies associated with oxygen and copper vacancies
[Fig. 7(a)]. The influence of excitation intensity on line shape
was investigated and found to be negligible. The main effect
that we observed was that the temperature of the excitons
increased marginally at higher excitation intensity.
The region close to the band edge shows good agreement
with previous PL studies [51,52]. The intense sharp peak at
∼2.03 eV is direct emission from the 1S orthoexciton line.
Very similar characteristics defined this spectral line in both
materials. The best fit was achieved using a pseudo-Voigt
profile superimposed on the exponential Bose-Einstein tail of
the first phonon replica. In both materials the line exhibited a
similar asymmetry in the tails of the profile. This asymmetry is
highlighted for the synthetic material in the inset of Fig. 7(d).
The line fits gave a center value of 2.0328 eV for the peak
and full width of 127 μeV for the synthetic material, and a
center value of 2.0327 eV for the peak and full width of 135
μeV for the gemstone material. These linewidths are above
our calibrated resolution limit of 70 μeV at 611 nm, and
probably reflect the inhomogeneous broadening due to strain
discussed earlier. The position of the 1S orthoexciton line is
roughly 700 μeV from previously reported values [53]. As
the shift is almost the same for both the natural and synthetic
stones we attribute this to a systematic error in the calibration.
The other large peaks in the range 1.950–2.025 eV are phonon
replicas of the main 1S orthoexciton line [51]. The line shape
of these peaks can be fitted with the convolution of two terms
describing the exciton density of states (DoS) and thermal oc-
cupation statistics, respectively [54]. The low-energy side has
a rising edge, which scales with the three-dimensional (3D)
DoS, g3D(E ). The high-energy side has an exponential tail
from the exciton Bose-Einstein population statistics, which
can be approximated to the Boltzmann distribution fB(E ),
since the exciton gas is of low density. The PL intensity
IPL ∝ g3D(E ) fB(E ) is then described by
IPL = A(E − E0)1/2 exp
[




where A is a proportionality constant and E0 is the energy
of the exciton at zero momentum minus the phonon energy,
the latter assumed to be dispersionless. A similar line-shape
fitting function was used in [51,52]. The fitting function gave
a temperature of ∼13 K and ∼10 K for the exciton gases in the
synthetic and natural samples, respectively. This is in accept-
able agreement with the nominal heat-sink temperature of 5 K,
because the exciton gas is expected to be at a slightly higher
temperature than the crystal lattice [55]. Table I shows the
energies obtained from the fitted spectral line shapes of several
of the exciton phonon replicas, as well as the values reported
in [51] for comparison. A theoretical phonon spectrum in
Cu2O can be found in [56] and is in good agreement with the
values presented in Table I. We have not reported the energies
of the −5 and 
−(1)
4 (LO) phononassisted transitions in this
table because we are not confident that they can be reliably
deconvolved from the dominant neighboring phonon-assisted
transitions in our PL data. The agreement with the values
reported in [51] is otherwise excellent. We have, however,
observed some differences between our natural gemstone PL
spectrum and the data presented by the Kyoto group [51].
The PL spectrum in their paper shows a sharp peak located at
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TABLE I. Energy positions of the phonon-assisted lines (in eV).
The relative positions with respect to the resonance energy of the
yellow 1S orthoexciton are also tabulated (in meV) and compared
with the values reported in [51].
Phonon Center This work [51]
(eV) (meV) (meV)
−5 10.5
−3 2.0192 13.6 13.5

−(1)




−2 1.9892 43.6 43.4
+5 1.9693 63.5 63.2

−(2)
4 (TO) 1.9543 78.5 78.4

−(2)
4 (LO) 1.9507 82.1 82.0
1.947 eV, which sits on the redshifted shoulder of the double-
peaked phonon feature above just 1.95 eV. We see no evidence
of this spectral feature in our PL spectrum. In contrast, we
observe two small sharp peaks at 1.914 and 1.916 eV, which
are not present in [51]. These two peaks have been observed
in previous PL studies [52,57] but have not been assigned.
Unfortunately, the signal-to-noise ratio for our synthetic Cu2O
PL spectrum is insufficient to resolve these spectral features.
We speculate that the origin of these peaks is due to different
trace impurities to those found in the Kyoto samples. We
have also recorded the intensity of the PL emission at three
discrete wavelengths known to be associated with copper and
oxygen vacancies [48,50] in both synthetic and natural sam-
ples [Fig. 7(a)]. Measurements at 1.35 eV (918 nm) confirm
the observation of strong luminescence from copper vacancies
observed in the room temperature spectrum. Measurements at
1.70 eV (800 nm) and 1.55 eV (730 nm) are associated with
singly and doubly ionized oxygen vacancies, V +1O and V
+2
O ,
respectively [50]. These peaks are not observed in the room
temperature data. Here we find that the luminescence from
these states is strongest in the natural sample.
In summary, the region close to the band edge indicates a
narrow 1S exciton and all the expected phonon modes in both
samples. Apart from the stronger overall luminescence of the
natural sample at low temperature, the spectrum of the two
samples is largely identical in this region. However, the PL
measurements indicate a large excess of copper vacancies in
the synthetic material, which has been shown to be the result
of the fabrication process (oxidation of the copper rod) [38].
We believe the copper vacancies are responsible for limiting
the Rydberg series to n = 10 [45].
F. Mid-infrared spectroscopy
To search for other impurities that might alter the Rydberg
spectrum, we also performed MIR measurements to look for
shallow bound states such as those observed in silicon [58].
Much like excitons, impurity states are good sensors of the
local crystal environment around the defect, and their in-
homogeneous linewidth is another indicator of the material
quality [59]. There is little information in the literature about
the mid- and far-infrared properties of single crystal Cu2O. A
transmission spectrum for a 39.8-μm thin film was reported
in [60], although many of the spectral features are obscured
by Fabry-Perot interference fringes. The spectra in this work
were recorded using a Bruker Vertex 80V Fourier transform
spectrometer (FTS). The samples were mounted on the cold
finger of a helium flow cryostat located in the spectrome-
ter absorption compartment, and the optical path within the
spectrometer was fully evacuated. Sample illumination was
provided by the internal FTS globar, and the transmitted inter-
ferogram was recorded on a liquid nitrogen cooled mercury
cadmium telluride (MCT) detector. Cooling was provided by
a closed-cycle ColdEdgeTM “Stinger” helium recirculator.
Figure 8 shows the midinfrared transmission spectrum for
both (a) synthetic and (c) natural samples recorded for a range
of temperatures between 8 and 300 K. The samples exhibited
very similar spectra with only some minor differences. The
spectra are dominated by two Reststrahlen bands between 95
and 115 meV and 135 and 155 meV. Some additional peaks
become more visible when the y axis is expanded as shown
in the inset. The shoulder at 164 meV relates to the second
Reststrahlen band and is present in both samples. In both
cases this shoulder sharpens to a discernible peak at lower
temperatures. We attribute this peak to the highest energy
longitudinal optical (LO) phonon. The peak at 205 meV is also
present in both samples. This peak shows a weak temperature
dependence, becoming slightly sharper at lower temperature.
While also present in both samples, a second peak at 215 meV
appears stronger in the natural sample. The physical origin
of these spectral features is open to debate. It is generally
accepted that synthetically grown Cu2O is always p type [61],
and acceptor levels due to copper vacancies lying at 220 and
470 meV have been proposed. Previous density functional
theory (DFT) calculations performed by the same research
group [62] pointed towards a hole trap 450 meV above the
valence band edge attributed to single copper vacancies, and
a second hole trap around 250 meV tentatively attributed to a
copper divacancies. We do not observe the 450-meV feature in
either sample but the peaks we observe at 205 and 215 meV
could fit either the copper vacancy or divacancy prediction.
There is also some experimental evidence to support this
hypothesis [63]. Two hole trap levels consistent with this
description have been observed in the deep level transient
spectrum of polycrystalline p-type Cu2O epilayers grown on
top of intrinsic zinc oxide (i-ZnO) and fabricated into mesa
heterostructures. Theoretical calculations exploiting the gen-
eralized gradient approximation to DFT have also been used
to predict a single copper vacancy level at 280 meV in p-type
Cu2O [64]. Another possibility is that this feature could be
associated with multiphonon absorption. The spectral location
matches twice the energy of the observed phonon bands, and
the fact that the spectral feature is observed in two samples of
completely different origin strongly suggests that it is intrinsic
to the material. Multiphonon processes have previously been
observed in PL spectroscopy [51,52].
III. CONCLUSIONS
In summary, there are strong similarities between the exci-
tonic spectrum that we observe in the synthetic material and
that observed in high-quality natural gemstones. The principal
differences are a cutoff at lower principal quantum number,
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FIG. 8. (a) MIR transmission spectra of a 1-mm-thick slice of
synthetic Cu2O crystal recorded at various temperatures between
8 and 300 K. The sample was wedged at an angle of 1◦ to avoid
Fabry-Perot fringing. The transmission T here is the ratio of the
signal on the MCT detector with and without the sample, i.e., T =
I/I0. The increased noise below 80 meV indicates where the MCT
detector response falls off at long wavelengths. The inset (b) shows
the long-wavelength region near the Reststrahlen band edge on an
expanded energy scale. (c) MIR transmission spectra of a similarly
wedged 1-mm-thick slice of natural Cu2O gemstone acquired at a
location where high-n excitons were observed and measured under
similar conditions. The inset (d) similarly shows the region near the
Reststrahlen band edge on an expanded energy scale.
the emergence of dipole-forbidden peaks, and an overall shift
in the spectrum. We note, however, that the observation of
n = 10 in synthetic material is comparable to the state of the-
art [24]. The large spatial extent of the high-n exciton wave
functions means that they are sensitive to lattice imperfec-
tions. For example, using the formula for the Bohr radius of
the P-exciton series quoted in [13], together with aB = 1.11
nm, would give 〈r10〉 = 165 nm, which corresponds to 386
lattice constants. Measurements of the 1S orthoexciton width
and the spatial variation of the Rydberg spectrum suggest that
inhomogeneous strain cannot explain the origin of these fea-
tures. We know that inhomogeneous strain fields are present
in the synthetic material because we have performed some
basic experiments. See the Supplemental Material [65] for a
description of the experiments performed to assess the strain
using crossed polarizers [66], and spatial mapping of the
spectral properties associated with the n = 6 exciton line. PL
measurements demonstrate a large excess of copper vacan-
cies as well as the quenching of the band-edge luminescence
associated with intrinsic effects in the synthetic sample. A
search for additional shallow donor states in the MIR region
did not produce a clear result. Our observations of an excess
of copper vacancies and a modified Rydberg spectrum are in
good qualitative agreement with theoretical work [45], and
so we postulate that the presence of the copper vacancies is
causing the changes to the Rydberg spectrum. In order for the
Rydberg series to be limited to n = 10 the density of the cop-
per vacancies must exceed 1011 cm−3, which was the highest
density considered in [45]. We have not attempted to address
these problems yet, but there are many promising postgrowth
treatments to try. For example, annealing at high temperature
has been successfully employed to remove the CuO-walled
voids [24,37] and reduce the concentration of copper vacan-
cies [38,67]. The mechanical polishing procedure employed to
produce samples for optical experiments may itself introduce
problems that are specific to the sample origin. In the syn-
thetic material, mechanical polishing can open some of the
CuO-walled voids and this can deposit unspecified material
into the polishing slurry. We have on occasion observed the
appearance of new scratches and microcracking of the surface
during the polishing process when this happens. However,
there are fabrication strategies such as chemical etching [51]
or ion-beam milling that might mitigate the consequences of
this type of surface damage.
Our results are important because they demonstrate that it
is possible to produce large-scale bulk synthetic material with
comparable optical properties to natural gemstone material.
This represents a significant step forward because it shows
that there is a viable technological route towards harnessing
the quantum optical properties of this extraordinary semicon-
ductor material.
Information on the data underpinning the results presented
here, including how to access them, can be found in the
Cardiff University data catalog at [68].
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